Abstract: A simple technique has been proposed and demonstrated to generate radio-frequency (RF) signal based on a fiber grating laser with multi-octave tunablity. The laser is fabricated by inscribing a wavelengthmatched Bragg grating pair in a short section of low-birefringence Er/Yb co-doped fiber. A RF signal can be obtained by beating the two-polarization mode output with its frequency determined by the birefringence within the cavity. By slicing the laser cavity into two sections and then aligning them with a rotated angle, the output beat frequency can be continuously tuned in a multi-octave frequency range as shown in the experiment from 2.05 GHz down to 289 MHz, as a result of the induced change in optical length for each polarization mode. The present technique has the advantages including simple scheme and large tuning range, and the ability of tuning could be further improved by use of active fibers with higher birefringence.
Introduction
Optical generation of RF signals has been widely investigated towards various applications including broadband wireless access and sensor networks, software-defined radio, and wireless communications [1] . RF signals can be generated optically by employing harmonic generation through modulation of laser outputs [2] [3] [4] or by phase-locking of two laser outputs [5] . All-optical methods have also been explored, by use of optical injection locking of two lasers [6, 7] , or the beat signal from a dual-wavelength fiber laser [8] [9] [10] [11] [12] [13] [14] [15] . The dualwavelength-laser approach presents the advantages of simple scheme and reduction of phase noise.
Frequency tunability is one major focus of optical generation of RF signals. Generally speaking, among the previously proposed schemes, beating of two laser outputs permits the largest tuning range of RF frequency due to the large tuning range of the lasing wavelength. However, tuning the wavelength of lasers with high reliability and stability cannot be easily achieved, limited by the requirement of complicated feedback control. Such feedback control normally contains electronic signal processing modules for electro-optical modulation, RF amplifications and mixing, and low-pass loop filtering. As a result, the frequency tunability of the optically generated RF signal is limited by the relatively narrow bandwidth of the electronic signal processing modules.
Alternatively, the frequency of the optically RF signal can be tuned through the adjustment of physical parameters of the optical fiber or fiber devices. Consequently, simpler configurations can be implemented for frequency tuning. A number of tunable RF sources have been demonstrated, e. g. by use of stimulated Brillion fiber laser and Fabry-Perot scheme [10] [11] [12] 16] . However, the tuning range is too small through temperature or strain adjustment. In addition, some of them cannot be continuously tuned. In contrast, by use of a dualpolarization fiber grating laser, large-range, continuous tuning of the RF-regime beat frequency can be realized [13] [14] [15] . The RF signal is generated from the beat note of the dualpolarization mode output. The beat frequency is determined by the intra-cavity birefringence and can be tuned by subjecting electrically induced transverse force onto the laser cavity [13, 14] . Due to the absence of electronic signal processing, the confinement resulted from the employment of electronic devices can be avoided. Therefore, such schemes can potentially realize much wider frequency tuning range and thereby are more favorable.
In this paper, we present a simple technique for frequency control of RF signal generated by use of a dual-polarization fiber grating laser. By slicing the laser cavity into two sections and aligning them with a rotated angle, the beat frequency can be continuously adjusted from 2.05 GHz down to 289 MHz, as a result of the changed optical length for each polarization mode. The RF frequency can even reach zero in principle if the effective lengths of the two sections are identical. The present technique offers a cost effective method to realize a RF source with a large tuning range and simple scheme. Figure 1 shows the schematic diagram for RF frequency tuning with a fiber laser. The laser is fabricated by composing two reflectors in an active fiber. The laser can operate in single longitudinal mode for each orthogonal polarization mode, when the cavity length is very short. Assume the x-and y-polarization modes correspond to the slow and fast axis, respectively. Both the polarization modes satisfy the resonant condition, which is expressed by 00 
Principle
where L is the length of the laser cavity, M is an integer which denotes the order of resonant mode, 00 , xy k is the propagation constant for each polarization mode. Substituting is the average lasing frequency . Equation (3) suggests that the frequency of beat signal from the fiber grating laser is mainly determined by the intrinsic birefringence of the active fiber. This birefringence is a result of the inner thermal stress caused by the geometric imperfection during the fiber drawing process [17] . The beat frequency Δν 0 typically ranges from hundreds of megahertz to several GHz. To tune the beat frequency, the laser cavity is sliced into two sections. The lengths of which are l 1 and l 2 , respectively. When rotating the l 2 section by an angle θ when aligning the two sections, the phase variation along + z axis within l 1 and l 2 can be described by use of Jones matrix, which is expressed by 
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(5) Equations (4) and (5) describe that the longitudinal phase variations are changed as a result of the changes in optical length. Due to the rotation, the optical lengths for x-and ypolarization modes become closer. The beat frequencies ν x and ν y change correspondingly to fulfill the resonant condition. For simplicity, we can just take the phase variations along + z axis into consideration, because each polarization mode experiences a phase variation of Mπ along + z and -z direction, respectively. With Eqs. (4)(a) and 4(b), the resonant condition can be expressed by
where A = cosθ(cosθ-sinθ), B = sinθ(cosθ + sinθ), C = sinθ(sinθ-cosθ), D = cosθ(cosθ + sinθ).
The relation between beat frequency Δν and the angle θ can be obtained based on Eq. (6). Now we just consider the following two special cases:
(1) θ = 0 or π, which means the fast and slow axis do not change. With Eq. (6), the output matrix J out can be simplified as which indicates that the optical lengths for the two polarization modes do not change and the beat frequency maintains the original value Δν 0 .
(2) θ = π/2 or 3π/2, which means the fast and slow axis exchange for l 2 section, the output matrix can be expressed by The corresponding beat frequency can be expressed by
This is the minimal beat frequency that can be achieved by this method, as a result of the offset in optical length between the dual polarization modes induced by the rotation. The above analysis suggests that the beat frequency can be tuned from Δν 0 , which is determined by the intrinsic birefringence of the fiber, to the minimal value Δν min , by rotating the l 2 section from 0 to π/2. When the laser cavity is sliced into two sections with identical effective lengths, the minimal beat frequency can even reach zero. Figure 2 shows the experimental setup for the beat frequency tuning based on the fiber grating laser. The laser is fabricated by inscribing a wavelength-matched Bragg grating pair into a Er/Yb co-doped active fiber, by use of a 193 nm excimer laser and a phase mask. The length of each grating is 3 mm and grating spacing is 12 mm. The reflectivities of the two grating are estimated to be 20 dB and 28 dB, respectively. Consequently, the effective length of the fiber grating laser is L eff = 12.87 mm. The contributions from the two gratings are estimated as 0.49 mm and 0.38 mm, respectively, according to [18] . The corresponding longitudinal mode spacing is about 0.07 nm, which indicates that several resonant modes are established within the reflection peak. By controlling the exposure dosage, we can locate one of the resonant wavelength at right the center of the reflection peak and other resonant modes are suppressed. As a result, single-longitudinal-mode output of the fiber grating laser can be achieved. The 980 nm pump light was launched into the grating pair through a wavelength division multiplexer (WDM). The beat signal generated by the laser output is detected with a highspeed photo-detector and a RF spectrum analyzer. An in-line polarizer and a polarization controller are used to obtain maximum beat signal. The lasing wavelength is 1539.70 nm and the beat frequency is Δν 0 = 2.05 GHz.
Experiment
The laser cavity is sliced into two sections with almost identical effective lengths, and then aligned with minimized insertion loss. The angle θ between the principle axes for the two sections is adjusted by use of a rotation stage. Figure 3(b) shows the calculated and measured beat frequency as a function of the angle θ. The red curve represents the ideal frequency change with θ calculated with Eq. (6). The RF frequency reaches the maximum value at 0° and 180° and minimum value at 90° and 270°, respectively, as shown in Fig. 3(b) inset, which is in accordance with the calculated result and the analysis in Sec. 2. However, the beat frequency did not reach zero as expected. This is partially attributed to the small difference in effective length of the two sections due to the facility limitation, and partially to the additional birefringence induced by the UV illumination.
The relation between the beat frequency and the lengths of the two sections has been investigated, by measuring the beat frequency at θ = π/2 with different normalized effective length L 1 /L eff . Figure 4 The above theoretical analysis and experimental result suggest that the RF frequency can be tuned from the original beat frequency Δν 0 down to Δν min , i. e., the frequency atθ = π/2. In order to enlarge the tuning range, an active fiber with higher birefringence can be used to obtain a higher Δν 0 . In addition, accurate length control for both of the sections is needed and the UV-induced additional birefringence should be reduced, to obtain a value of Δν min closer to zero. Note that the difference in lasing wavelength for the two orthogonal polarizations increases with fiber birefringence and the reflective peak might split. As a result, the laser might stop lasing due to the lack of optical feedback when a rotation is applied. The proposed technique only works when the bandwidths of the fiber gratings used as laser end reflectors are large enough to encompass the reflectivity of both fiber polarizations. In the experiment, the reflection bandwidth of the FBG is about 0.5 nm and the reflection is higher than 20 dB, which guarantees the lasing for different rotation angles.
Conclusion
In conclusion, multi-octave RF frequency tuning has been achieved by use of a dualpolarization fiber grating laser. By slicing the laser cavity and then aligning the two sections with a controllable rotation, the beat frequency was tuned from 2.05 GHz down to 289 MHz. Larger tuning range can be achieved by using an active fiber with higher birefringence. The minimal beat frequency can possibly be reduced to close zero through accurate length control and reduction of UV induced birefringence. The proposed technique offers a simple scheme of RF signal source with a large frequency tuning range.
